Introduction

S
tromal cell-derived factor-1 (SDF-1) has long been known as a potent chemokine that induces homing of hematopoietic stem cells (HSCs, CD34 + ) to the site of SDF-1 secretion. 1 Bone marrow serves as a major pool of such CD34 + stem/progenitor cells. In case of lesions, such as exposure to fluorouracil, the level of SDF-1 would elevate in the plasma, bone marrow, and liver. [2] [3] [4] CD34 + cells in bone marrow and peripheral blood would sense the elevation of the SDF-1 level and respond with alterations in their gene expression patterns. 5 Actions are initiated by CXCR4, a cell surface receptor responsible for specific interaction and integration with SDF-1, followed by activation of various signaling pathways resulting in secretion of various functional biomolecules such as matrix metalloproteinases, nitric oxide, and vascular endothelial growth factor. 6 The expression pattern of cell adhesion receptors, such as integrin family members, would also be changed. These serial changes in cells would enable and guide a chemotactic migration along the ascending concentration gradient of SDF-1, so that the migration would be oriented toward the locations with higher SDF-1 concentration, that is, being directed toward the source of SDF-1 release. 7 Cell adhesion molecules also aid in transmembrane migration of SDF-1-activated cells penetrating the basal lamina of vascular endothelium, so that the cells can eventually reach the destination of homing-the source of SDF-1 release, usually the site of injured organs or tissues. As the motivated homing cells largely consist of activated stem cells, this SDF-1-induced cell migration is actually executing recruitment of endogenous therapeutic progenitors for autoreparation and compensatory regeneration in situ. Besides HSCs, CD34
+ mesenchymal stem cells (MSCs), and some CD117 + cells have also been found to respond to SDF-1 and home to the injured site for regeneration. [8] [9] [10] [11] From all the findings on SDF-1, it is clear that SDF-1 is a good biochemical attractant for the homing of endogenous stem/progenitor cells to enhance compensatory tissue regeneration in situ.
Hyaline cartilage, a tissue-articulating skeleton at joints, is highly prone to damages caused by trauma, diseases, and aging; while once injured, its self-regeneration is difficult and Division of Bioengineering, School of Chemical and Biomedical Engineering, Nanyang Technological University, Singapore, Republic of Singapore.
TISSUE ENGINEERING: Part A Volume 19, Numbers 9 and 10, 2013 ª Mary Ann Liebert, Inc. DOI: 10.1089/ten.tea.2012.0441 slow due to the avascular nature. 12 To regenerate damaged cartilage, a scaffold-free living hyaline cartilage graft (LhCG) has been designed and developed in our previous work, which, as an engineered cartilage graft, only consists of living chondrocytes and cartilaginous extracellular matrices (ECMs) in a porous sponge-like form. 13 Given the living cells in this living graft, LhCG system per se can be pretransduced with vectors expressing the SDF-1 transgene. Further, upon implantation of this SDF-1 transgene endowed LhCG (SDFt-LhCG) in an animal model, it may serve as an in vivo platform of transgenic SDF-1 release as well as an in situ niche of chondrogenesis by SDF-1-recruited endogenous stem cells. In this study, a recombinant adenoviral vector carrying the SDF-1 transgene expression cassette (Ad-SDF) was constructed and introduced into the LhCG system, so that a working model of SDF-t-LhCG was produced for the study of in situ SDF-1 release and its therapeutic potential. By implanting SDF-t-LhCG into nude mice, the release profile of SDF-1 was established; SDF-1-induced recruitment of endogenous stem/progenitor cells and a consequent augmentation of in situ chondrogenesis were witnessed in vivo. A graphical demonstration of the experimental design is presented in Figure 1 .
Materials and Methods
Construction of Ad-SDF
Mouse SDF-1 cDNA was isolated using reverse transcription and polymerase chain reaction (PCR) from extracted RNA of murine fibroblast cells with the following primers: forward: ACGCGTCGACATGGACGCCAAGGTC GTC; reverse: TGCACTGCAGTTACTTGTTTAAAGCTTT CTC. The amplified SDF-1 cDNA was double-digested with restriction endonucleases SalI and PstI (New England Biolabs, Ipswich, MA) and cloned into a pDNR shuttle vector, which was then recombined with pLP-Adeno-X ViraTrak acceptor vector using Crerecombinase (Clontech, Mountain View, CA). The constructed adenoviral vector was linearized by the restriction endonuclease PacI before being transfected to HEK 293 cells (ATCC, Manassas, VA) by Lipofectamine (Invitrogen, Carlsbad, CA). Ad-SDF was collected from the cells after three freeze-thaw cycles and titrated. The collected virus was kept at -20°C and stored for future amplification using HEK 293 cells.
In vitro Ad-SDF transduction of chondrocytes
Chondrocytes were isolated according to procedures elaborated elsewhere. 13 Cells at passage 2 were plated in the wells of 24-well plates, with 10,000 cells in each well. On the second day postplating, cells were transduced with Ad-SDF at multiplicities of infection (MOI) of 100 and 500, respectively. Cells were also transduced with a null adenoviral vector (Ad-N, MOI 500) as a control. Another group of cells without adenoviral transduction was used as a negative control (Neg). Three hours post-transduction, a fresh medium was replaced. The medium was collected every 3 days till day 9 and assayed for SDF-1 concentration with ELISA (R&D Systems, MN). RNA was extracted at day 9 for SDF-1 gene expression analysis.
Quantitative real-time polymerase chain reaction analysis At day 9, chondrocyte RNA was extracted using TRIZOL Ò Reagents (Invitogen), 0.5 mg of which was converted to cDNA by reverse transcription. qPCR was carried out for 40 DNA replication cycles using the iQÔ qPCR system (BioRad). For normalization purposes, the RPL4 gene was used as reference gene. The primer sequences used are as follows: SDF-1 forward: 5¢-ACGCGTCGACATGGACGCCAAGGT CGTC-3¢; SDF-1 reverse: 5¢-TGCACTGCAGTTACTTGTT TAAAGCTTTCTC-3¢. RPL4 forward: 5¢-CAAGAGTAAC TACAACCTTC-3¢; RPL4 reverse: 5¢-GAACTCTAC GAT GAATCTTC-3¢.
Construction of LhCG
The protocol was as established previously by our laboratory. 13, 14 Briefly, 30 mL 10% gelatin solution at 70°C was first mixed with 10 mL ethyl acetate. After stirring for 1 min, the mixture was mixed with 60 mL soya oil. The mixed solution was then cooled to -40°C using an ethanol bath, and gelatin microspheres were formed in response to the drop in temperature. Ten minutes later, dioxane thrice was added to remove the soya oil. Lastly, the solution was transferred to a 70°C oven for microsphere drying. The resulting gelatin microspheres were further treated with N-ethyl-N¢-(3-dimethylaminopropyl) carbodiimide for surface crosslinking stabilization. The gelatin microspheres were preswelled by /mL density). The mixed solution was then injected onto a 35-mm Petri dish coated with 15% (w/v) gelatin and CaCl 2 (102 mM). Four minutes later, a further 1 mL of 102 mM CaCl 2 was added to facilitate gelation. When the gelation is completed after 4 min, the construct can be sliced to 16 pieces (0.7 · 0.7 · 0.1 cm) of gel and cultured in a chondrocyte culture medium for 35 days (37°C, 5% CO 2 ). The chondrocyte culture medium comprises of the DMEM, 20% (v/v) fetal bovine serum (Invitrogen), 0.1 mM nonessential amino acids, 0.01 M 4-(2-hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES), 0.4 mM proline, 0.05 mg/mL vitamin C, as well as 100 units/mL penicillin and 100 mg/mL streptomycin. Finally, at the end of the 35 days, the construct was treated with 55 mM sodium citrate (in 0.15 M sodium chloride), and a full material-free LhCG was successfully constructed. 13 LhCG transduction with Ad-N or Ad-SDF Before transducing LhCG with Ad-SDF, it is essential to know the cell number in LhCG to know the amount of viral particles to be used for transduction. Therefore, the relationship between the LhCG construct's cell number and wet weight was established. Four different LhCGs were weighed and freeze-dried overnight. Each piece was then digested with papain. 15 To test the DNA content, the Hoechst 33258 dye assay was adopted (7.7 pg DNA/cell). 16 The cell number-wet weight relationship was plotted, followed by linear regression treatment. An example was established such that 0.0774 g of LhCG corresponds to 3.2 · 10 5 cells, and 1.6 · 10 8 infectious unit (ifu) of Ad-N or Ad-SDF (MOI 500) was used to transduce this piece of LhCG. For transduction, a certain amount of Ad-N or Ad-SDF in 50 mL of DMEM was added dropwise to each well containing one piece of LhCG in a 96-well plate. After 3 h of transduction, LhCGs were transferred to a 24-well plate and cultured in a chondrocyte culture medium. LhCG without adenoviral transduction was used as negative control, denoted as LhCG, while LhCGs transduced with Ad-N or Ad-SDF were denoted as Null-tLhCG and SDF-t-LhCG, respectively. Within the subsequent 5-week culture, the medium from all the three groups was changed every 4 days, and the SDF-1 concentration was monitored using the collected medium with ELISA.
The transduction efficiency was determined by transducing 3 pieces of LhCGs of similar wet weight with Ad-SDFat MOI 500. The transduction was allowed to proceed for 3 h before titrating the medium containing Ad-SDF using the Adenovirus titration kit (Clontech). Remaining Ad-SDF in the medium was thus determined, and the transduction efficiency was calculated using the function below:
Transduction efficiency ¼ (total amount À remaining amount)=total amount · 100%
In vivo implantation of LhCG
LhCGs that weighed around 0.07 g were selected and transduced with Ad-N or Ad-SDF at MOI 500. One day posttransduction, LhCGs were subcutaneously implanted in 4-week-old severe combined immunodeficiency (SCID) nude mice (mutant BALB/C; i-DNA Biotechnology Singapore) and denoted as day 0 of in vivo experiments. There were two mice in each group (LhCG, Null-t-LhCG and SDF-t-LhCG), and each mouse received subcutaneous transplantation of two implants, each on one side of its back. At day 30, the heart blood sample was collected from each mouse, and the implanted LhCGs were retrieved and washed with PBS after euthanizing each mouse. In total, six SCID mice have been used for the experiment, which had been performed in accordance with regulations of the Institutional Animal Care and Use Committees (IACUC), Nanyang Technological University (NTU), Singapore.
Characterization of blood
Blood serum and cells were separated by centrifugation at 500 g for 5 min. The serum was used in ELISA for the measurement of SDF-1 levels in circulating blood. For CXCR4, MSC marker (CD29, Sca-1, CD73, CD106, CD45, and CD11b), and CD34 marker identifications, blood cells were collected for flow cytometry. Cells were washed twice with 500 mL of PBS containing 0.5% bovine serum albumin and blocked with 500 mL of goat serum (10%, v/v) for 15 min. Each sample was separated into aliquots of 50 mL and mixed with respective rat anti-mouse antibodies for incubation (30 min, 4°C) according to standard manuals. The groups include negative control for flow cytometry without antibody staining, CXCR4, CD29, Sca-1, CD73, CD106, CD45, CD11b, and CD34 (R&D Systems). After the primary blotting, samples were washed twice and incubated with 5 mL of goat anti-rat IgG conjugated with allophycocyanin (R&D Systems) for 30 min at 4°C in dark. One exception is the CXCR4 group, whose primary antibody already possesses allophycocyanin fluorephore, and therefore the secondary antibody incubation step was not required. The samples were further washed twice with PBS, and 500 mL red blood cell (RBC) lysis buffer (11.25% NH 4 Cl [w/v], 1.25% KHCO 3 [w/v], and 0.025% 0.5 M EDTA [v/v]) was added for RBC lysis. The final sample was washed and resuspended in 400 mL PBS for flow cytometry test.
Characterization of retrieved LhCGs
For subcutaneous implants retrieved directly, the samples were digested with 1 mL of 1 mg/mL collagenase II for 5 h. The collected cells were washed, incubated with rat antimouse CXCR4 antibody, and resuspended in PBS for flow cytometry test of CXCR4 + cells. The cells retrieved from the pure LhCG group were used as a control in the flow cytometry assay; therefore, results were expressed as a relative incremental percentage of CXCR4 + cells against the pure LhCG group.
The implanted construct was used for histochemical and immunofluorescent staining. Each sample was fixed in 4% (w/v) neutral buffered paraformaldehyde. After that, the samples were embedded in paraffin and sectioned (5-mm thick). All sectioned samples were deparaffinized for hematoxylin and eosin (H&E) staining and type II collagen (Col II) staining. First, 2.5% glutaraldehyde was added for a 30-min treatment. One percent goat serum (w/v, in PBS) was then added to block the sample for 1 h. At 4°C, the primary antibody for Col II (Chemicon) was applied overnight to the sample after washing. After incubating the samples (1 h, 37°C) in the secondary antibody Alexa-Fluor-546-conjugated rabbit anti-mouse IgG (1:500; Invitrogen) the next day, the cells were washed with PBS and observed under a fluorescence microscope.
Biochemical assays were also carried out for the determination of cell number and total glycosaminoglycans (GAG) in LhCGs. Each LhCG was freeze-dried (36 h) and digested with 0.5 mL of papain. DNA content was assessed by applying the Hoechst 33258 dye assay (7.7 pg DNA/cell). 16, 17 GAG content was determined by adding dimethylmethylene blue dye for absorption reading at 525 nm. 18, 19 Statistical analysis Student's t-test was used in the analysis. Graphic results were indicated as mean -standard deviation.
Results
Ad-SDF functioning in chondrocytes cultured in 2D plates
To test if the constructed Ad-SDF functions to express SDF-1, qPCR was performed to analyze the SDF-1 mRNA levels in chondrocytes transduced with Ad-SDF at MOI 100 and 500, respectively, cultured in 2D plates. From Figure 2A , it was observed that SDF-1 was expressed at the mRNA level when the chondrocytes were transduced with Ad-SDF at MOI of either 100 or 500, while mRNA levels in Neg and Ad-N were undetected. Transduction at MOI 500 witnessed an 8-fold higher SDF-1 mRNA level than MOI 100.
ELISA was carried out using the medium collected every 3 days from 2D chondrocyte culture over a period of 9 days to further test the expression of SDF-1 at the protein level, with the expression curves shown in Figure 2B . Curves for Neg and Ad-N were not shown, as the protein levels in these two groups were undetected. For Ad-SDF transduction at MOI 100 and 500, there was a decreasing trend in the expression over the 9 days of culture, which was more apparent at MOI 500. This could be attributed to the episomal manner of adenoviral vectors, which did not integrate the transgene into the host cell genome, and therefore were gradually lost along cell replications. Also, the protein expression level at MOI 500 was around 10-fold higher than MOI 100. Based on the preliminary qPCR and ELISA results with Ad-SDF in 2D chondrocyte culture, it was concluded that the constructed Ad-SDF successfully functioned to express the SDF-1 chemokine. Besides, due to the high expression of SDF-1 at MOI 500, MOI 500 was selected for subsequent transduction protocols.
In vitro LhCG transduction with adenoviral vectors
To establish the relationship between the cell number and LhCG wet weight before transducing LhCG, the cell number was calculated according to DNA content measured by Hoechst dye staining for LhCGs of various wet weights after their digestion with papain. By applying a linear fit for the four sets of data (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/tea), a relationship between cell number (y) and wet weight (x) was obtained y ¼ (506:15x À 6:68) · 10 4 Therefore, an LhCG weighing 0.07 g corresponds to a cell number of 2.87 · 10
5
, and a total of 1.4 · 10 8 infectious units of Ad-SDF were applied for LhCG transduction at MOI 500.
The efficiency of Ad-SDF was confirmed by measuring proportion of the added adenoviral particles that were actually transduced into the chondrocytes embedded in LhCG.
Transduction efficiency ¼ (total amount À remaining amount)= totalamount · 100% ¼ 87:62% AE 6:6%
A high transduction efficiency of 87.62% -6.6% was achieved, indicating that the majority of Ad-SDF has been transduced into chondrocytes.
In vitro SDF-1 protein quantification secreted from SDF-t-LhCG
LhCG, Null-t-LhCG (MOI 500) and SDF-t-LhCG (*0.07 g, MOI 500) were cultured in vitro for 36 days with a medium collected every 4 days for the measurement of SDF-1 protein
FIG. 2. SDF-1 gene and protein expression in
Ad-SDF-transduced chondrocytes cultured in 2D 24-well plates. Ten thousand cells were plated in each well and transduced with Ad-N at MOI 500 or Ad-SDF at MOI 100 and 500, respectively. (A) SDF-1 mRNA levels at MOI 100 and 500. At day 9, cells were lysed, and RNA was isolated and reverse transcribed for quantitative polymerase chain reaction analysis; (B) SDF-1 protein levels at MOI 100 and 500. The medium was collected every 3 days and used in ELISA for SDF-1 protein level determination. *p < 0.05. MOI, multiplicities of infection. levels secreted from the LhCGs with ELISA. The amount of SDF-1 in pure LhCG and Null-t-LhCG were under the detection limit. These results indicate that either (nontransduced) pure LhCG or Null-t-LhCG indeed cannot release any transgenic SDF-1 due to the absence of the SDF-1 transgene. Contrastively, from the expression curve for SDFt-LhCG as shown in Figure 3 , it was observed that the secreted SDF-1 amount increased in the initial 12 days of culture, peaking at around 2 ng/mL at day 12. Then, it gradually declined until the released SDF concentration stabilized at a platform of around 0.25 ng/mL.
In vivo SDF-1 protein quantification secreted from SDF-t-LhCG
Thirty days after the implantation of SDF-t-LhCG subcutaneously into the nude mice, the amount of total SDF-1 protein from the heart blood was measured, as an indicator of SDF-1 protein level in the circulatory blood system, which contributed to the overall therapeutic cell attraction. In Figure 4 , a basal level of SDF-1 expression was observed in the pure LhCG group, which was implanted with LhCG without adenoviral transduction. However, the SDF-1 protein level in the mouse blood implanted with SDF-t-LhCG was significantly higher, reaching around 3.5 ng/mL of blood. In contrast to the (nontransduced) pure LhCG, the extra amount of SDF-1 expression in the blood of SDF-tLhCG-implanted animals is contributed from the expression of transgenic SDF-1.
Characterization of CXCR4 + cells in blood system
As CXCR4 is an important receptor of SDF-1, the percentage of CXCR4 + cells present in the blood was measured using flow cytometry at day 30 to show the chemoattractive effect of SDF-1 (Fig. 5) . Again, there was a basal presence of CXCR4
+ cells in the blood in the pure LhCG and Nullt-LhCG groups. However, implantation of SDF-t-LhCG led to a higher presence of CXCR4 + cells, demonstrating the positive effect of secreted SDF-1 on the recruitment of CXCR4 + cells for potential therapeutic purposes.
Characterization of therapeutic stem/progenitor cells in the blood
Since HSCs and MSCs are two important stem cell populations that possess therapeutic potentials, the markers of these two cell populations were characterized in the blood. For CD34 marker shown in Figure 6A , there was a basal presence of CD34 + cells in the blood of the pure LhCG group, and implantation of Null-t-LhCG increased the percentage to around 0.35%. Implantation of SDF-t- LhCG   FIG. 3 . SDF-1 protein expression profiles in SDF-t-LhCG cultured in vitro. LhCG was transduced with Ad-SDF and maintained for in vitro culture for 36 days. The medium was collected every 4 days and used for the determination of SDF-1 protein secretion level by ELISA. SDF-1 expression peaked at around day 12 and decreased afterward until stabilization.
FIG. 4.
SDF-1 protein levels in the heart blood of nude mice. Thirty days after implantation with pure LhCG or SDFt-LhCG, nude mice were sacrificed, and blood was collected from the heart of each nude mouse for the determination of SDF-1 in the circulation blood by ELISA. *p < 0.05.
FIG. 5. The percentage of CXCR4
+ cells in the heart blood of nude mice. Thirty days after implantation with pure LhCG, Null-t-LhCG, or SDF-t-LhCG, heart blood was collected and used for the determination of CXCR + cells by flow cytometry. *p < 0.05. further elevated the percentage to 0.4%, providing evidence that the percentage of CD34 + cells increased due to the chemoattractant SDF-1 released from the implanted SDF-tLhCG. Besides CD34, there was an increase in the percentages of cells with some of the MSC-positive markers, that is, Sca-1 and CD44, in the SDF-t-LhCG group compared with pure LhCG, while there were no significant changes in other positive markers (Fig. 6B) . On the contrary, the percentages of MSC-negative markers (CD45 and CD11b in Fig. 6C) maintained or even decreased in the SDF-t-LhCG group compared with pure LhCG. These results have suggested an elevation of the MSC population in the blood attributed to the implantation of SDF-t-LhCG.
Characterization of CXCR4 + cells in implanted LhCGs
The percentage of CXCR4 + cells in LhCG implants retrieved at day 30 was also measured with flow cytometry (Fig. 7) . It should be noted that, as the cells in the pure LhCG group were used as a control in the flow cytometry as background, the relative value for this group was 0; however, it does not necessarily mean that the absolute number of CXCR4 + cells in the pure LhCG group is 0. An increase in the positive cells was observable in both the Null-t-LhCG and SDF-t-LhCG groups, whereas the percentage in the SDFt-LhCG was even higher than the Null-t-LhCG.
Total cell number and GAG content in LhCG at day 30
Using biochemical assays, the total cell number was determined in the LhCGs retrieved from the nude mice at day 30. From Figure 8A , it could be seen that a significantly higher cell number was in the SDF-t-LhCG compared with pure LhCG. This could be explained by either cell recruitment or higher cell replication, or a combination of both. Similarly, a higher GAG content (using dimethylmethylene blue) was seen in the SDF-t-LhCG group than the pure LhCG (Fig. 8B) .
Histological staining of retrieved LhCG at day 30
H&E stain was used to visualize the cells and the ECM of the LhCG implant at the end of the in vivo experiment (Fig.  8C) . The tissue for pure LhCG was mechanically weaker than the SDF-t-LhCG, such that the tissue fell apart easily in the embedding and sectioning process. On the contrary, the SDF-t-LhCG group showed a more uniform structure, with better mechanical strength. The cells were uniformly In immunohistochemistry staining for Col II (Fig. 8D) , the fluorescence signal of Col II was detected in both LhCG and SDF-t-LhCG; however, SDF-t-LhCG showed a higher intensity and also a more uniform distribution.
Discussion
SDF-1 is a chemokine that can induce the homing of stem/ progenitor cells to the site of release and therefore has therapeutic potential. SDF-1 has been demonstrated to recruit various cell types, including Jurkat T-lymphocytic cells 8 and human umbilical vein endothelial cells, 20 in an in vitro migration assay using transwells. This cell homing action helps in various tissue regeneration processes inclusive of promoting angiogenesis, improving heart functions during recovery from myocardial infarction, as well as accelerating diabetic wound healing. 21 All the previous investigations have shown that SDF-1 is a promising therapeutic molecule that may make significant contribution in regenerative medicine.
In this study, we constructed a recombinant adenoviral vector carrying the SDF-1 transgene. The vector was used to pretransduce LhCG, which is a cartilage graft composed of only living chondrocytes and their secreted cartilaginous ECM-free of any synthetic or natural noncartilaginous compositions. After implantation, SDF-t-LhCG is capable of releasing the transgenic SDF-1 chemokine from the implantation site in an animal model, whereby it promotes the migration of responding stem/progenitor cells via blood circulation, across the basal lamina of vascular endothelium and finally homing to the SDF-t-LhCG implants. As a living graft-based transgenic drug-release platform, once established, it can be translated to release other therapeutic molecules for other functions beyond cartilage regeneration.
The in vitro release profile of SDF-1 from SDF-t-LhCG witnessed an initial elevation in the first 12 days. This could be explained by the recovery of cell viability and cell number after the adenoviral transduction. However, due to the intrinsic episomal features of adenovirus, the transgene is not integrated into the host cell genome and therefore would be gradually lost after each cell cycle, which resulted in the gradual decline of transgene expression in the following days.
Despite the distinct release patterns at various stages, the system was able to maintain an elevated level of SDF-1 protein in the blood, which was responsible for the recruitment of stem/progenitor cells to the implantation site. In a study done by Wright et al., in vitro migration of CXCR4 + stem cells toward a higher gradient of SDF concentration was observed. 22 We further proved that CXCR4 + cells also migrate through blood circulation and home to the SDFt-LhCG implant site in vivo, as evidenced by the increase of CXCR4 + cells in both blood and SDF-t-LhCG observed in Figures 6 and 8 .
To further identify the responding cell populations circulating in the blood system, stem cell markers, particularly those for MSCs and HSCs, were employed. CD34 is a transmembrane cell adhesion molecule responsible for the adhesion of cells to stroma. 23 CD29 is a subunit of integrin beta-1 and is responsible for cell attachment. 24 CD106 is also an adhesion molecule that promotes the adhesion of blood cells to the endothelium, which facilitates the migration of the cells across the endothelium to the injured tissues. 25 Sca-1 is a surface antigen of immature hematopoietic progenitor cells.
26 CD44 is also a cell surface glycoprotein involved in cell adhesion, migration, and cell-cell interaction. 27 The increment in the cell population with positivity of these MSC markers, together with the maintenance or decrease of MSCnegative markers CD45 and CD11b, jointly indicates an elevation of the CD34 + MSC population circulating in the blood system, stemming from the released SDF-1 from SDFt-LhCG. Besides, as Sca-1 is an important marker of mouse HSCs, the increase of its level evidenced the chemoattracting effect of SDF-t-LhCG on HSCs. However, it should be noted that there is always a basal expression of SDF-1 or basal presence of the various cell populations in the blood system or LhCG in the pure LhCG group. This is not a surprise in consideration that the host may react to the invasive implanting procedures and therefore start to express SDF-1 and promote stem cell migration spontaneously. Also, Null-tLhCG presented a higher percentage of the CXCR4
+ and CD34
+ cell population than that of the pure LhCG group, though still lower than that of SDF-t-LhCG. This is believed due to cytoimmune reactions provoked by transduction of adenoviral vectors in LhCG chondrocytes on top of the host reaction to implanting invasion. Despite the background and all the variations, SDF-t-LhCG did contribute to the most obvious effect in SDF-1 release as well as cell recruitment. The net outstanding portion of contribution is undoubtedly attributed to the release of transgenic SDF-1. These recruited stem/progenitor cells, although in a small proportion, may replicate faster than other cells and participate in the regenerative process, thereby amplifying the regenerative effect.
As the LhCG system is mostly suitable for cartilage regeneration, additional assays were carried out to characterize chondrogenesis, including the cell number and the amount of GAG and Col II, which are important components of the cartilage ECM. All of these indices were elevated in SDFt-LhCG, evidenced by biochemical assays and immunofluorescent staining analysis. This suggests that the release of transgenic SDF-1 did promote cartilage regeneration by recruiting more endogenous therapeutic stem/progenitor cells of the recipient mice. Moreover, due to the presence of more cells and ECM induced by SDF-1, the tissue became more robust, and hence more suitable for reconstruction of this hard tissue.
In conclusion, the SDF-t-LhCG system is capable of releasing transgenic SDF-1 chemokine to the blood system, recruit endogenous therapeutic cells, and promote their homing to the implant. The release of transgenic SDF-1 elevated the production of key ECM components of cartilage tissues. Therefore, this system is a suitable candidate for improved cartilage tissue regeneration.
